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SUMMARY

The present report gives the results of a detalled study of the
flutter characteristics of four representative aircraft wings. This
study was made using the electric analog computer at the California
Institute of Technology. During the course of this investigation eight
important parameters of each wing were varied and, in addition, the
effects of mass, Inertia, pitching spring, and location of a concentrated
mess were investigeted for all four wings and several sweepback angles.

The introduction of this report discusses In general terms the
flutter characteristics of alrplanes. The second section contains a
discussion of the electric-analog principles that made a study of this
megnitude feasible. The third section contains a discussion of the aero-
dynamic and structural approximations mede for simplifying the flutter
analysis of a wing. The fourth section gives information relating to
the errors introduced by the finite-difference approximations to contim-
ous aeroelastic systems. In addition, data are given pertaining to the
flutter characteristics of a swept-wing wind-tumnel model and the results
of computations based on two assumptions regarding aerodynamic forces on
e swept wing. 'The fifth section lists all pertinent deta relating to the
four representative alrcraft wings and the sixth section contailns the
computed flutter characteristics of the four wings.

INTRODUCTION

Flutter is a phenomenon which is observed in the transient or
unforced response of an aerodynemic system. Mathematicelly speaking,
it is observed in the solution of the homogeneous differential equetion
describing the behavior of an alrplane in flight through still nonturbulent
alr. An eirplane wing which 18 considered to be a contimious beemlike
or platelike structure has an infinite mimber of degrees of freedom, and
the characteristic equation which describes the transient response has
an Infinite muber of roots. Experience has shown that only the roots of
lower magnitude (frequency) exhibit the problem of ingtability or flutter.
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It is this fact which mekes it possible to predict flutter using an analog
computer which represents only the lower frequency modes of the structure
or using a few normal modes In either digital or analog computation.

The exponents in the transient response of a linear system are the
roots of the characteristic equation. 8ince the characteristic equation
involves real paremeters, the roots are real or occur as complex conjugate
pairs. The latter roots are the ones of Interest here. The real part of
a conjugate palr is the reciprocal of the time comstant in the transient
response and the (positive) imaginery part is the frequency of oscillation.
This is illustrated in figure 1. Mathematical description of the tran-
8ient term is

v = A e(c+:lm)t + Aee(c-im)t

or in terms of reasl functions

¥ = Ae%%cos(at + @)

If the real part of the palr of roots o is negative the "transient”
dles out and the root is said to be stable. If the real part is positive
the transient grows exponentially until limited by nonlinearities or
destruction, and the root 1s sald to flutter. The terminology is not
strictly correct, but it 1s common practice to refer to the exponents of
the transient response as flutter roots, since they are mmerically equal
to the roots of the characterlstic equetion. Throughout this report such
terminology will be used.

Damping of flutter roots mey be measured by two dimensionless mum-
bers { and g, which differ fram each other by a factor of 2. The
former is generally used by control-system engineers; the latter, by
flutter analysts. They can be defined by the equation for the particular
term 1n the translent response given eerlier

¥ = Ae%bcos(at + §) = ne Pa®o0g l\l(l - t2) ot + gz‘
P
= Ae-gzn o8 \“EL -(52/11-)] oyt + @

Flutter computations are usually centered around regions where the value

of g lies in the range -0.2 < g <0.2. In such cases the factor \[L - g2
differs from unity by less than 0.5 percent. For this reason 1t is custam-
ary to omlt this factor in the trigonometric term glving the :Eollow:l.ng
approximation:
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g, t
¥y = Ae Tcos(mnt +¢)

This practice will be followed in this report. For demping which is
smell, an approximate rule of thumb is that the damping factor g 1s
neerly equal to the per unit decrement per cycle divided by =x. If per-
cent decrement per cycle & 1s used, there results the convenient
approximation

B

[ - S,
€ 100x
The flutter roots of an airplane are complex functions of all
geometricel, structural, end inertial properties of the alrfreame as well
es of the alrspeed and alr density. With all other properties held
constant, the lowest alrspeed at which the flutter root exhibits neutral
stability 1s called the flutter speed. If g 1s plotted as a function
of velocity, the abscissa (speed) at which the curve first crosses the
axis g = 0 1s the flutter speed. In this study such curves were used
to determine the flutter speed, but such curves are used in this report
only to illustrate the behavior of some unusual flutter roots. A tabu-
lation of flutter speeds does not always glve a good plcture of the flutter
characteristics. An example is shown in figure 2, where the damping of
two roots 1s shown. One root becomes unstable at a speed of about
300 miles per hour and the other, at a speed of about 600 miles per hour.
If a paremeter variation increases the damping g of both roots by 0.03,
one flutter speed-is raised to 350 miles per hour, & l7-percent increase,
and the other is raised to 603 miles per hour, a 0.5-percent increase.
A further increase in g of 0.02 will raise the second flutter speed
0.4 percent, to 605 miles per hour, while the first root will now exhibit
no flutter. It should be emphesized thet even though a design speed of,
say, 500 miles per hour hes been surpassed, the system mey still be
regarded as unsatisfactory. A system so close to flutter at a speed of
360 miles per hour might actually flutter because of weight (fuel) vari-
ations or minor differences in stiffness resulting from veriations within
the manufacturing tolerances. From the standpoint of this report, all
three of the sets of roots discussed sbove will be regarded as having
essentially the seme "flutter.characteristics," even though they exhibit
radically different theoretical flutter speeds. FEmphasis is given to this
point because remserks to be made later in this report may be misunderstood
without a clear conception of this viewpoint.

This investigation was conducted at the California Institute of
Technology under the sponsorship and with the financial asssistance of the
National Advisory Committee for Aeronautics.
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AyAq ,A2 constants
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K & &4 H b ®m

half chord
half chord at root

half chord at tip

symbolic representetion of circulatory component of 1ift force
due to angle of attack

11t coefficient

wing station from root, in.

Young's modulus of elasticity

equivalent beam flexural rigldity, (1b)(sq in.)

experimental; used as a subscript

flutter frequency, cps

normal mode frequency of cantilevered engine and nacelle, cps
flutter frequency for continuous structure

shear modulus
equivalent beam torsional rigldity, (1b)(sq in.)

gt
d.amping. factor of a damped simusoid, e 2 cos at

vertical deflection, positive down, in.
moment of inertia per umit length, 1b-sec?
torsional stiffness

increase in stiffness, percent

redius of gyration, in.
semligpan of wing



<

S oy

twisting moment ebout elastic axis per unit length of wing,
positive nose up, 1b

mass per unit length, lb-seca/sq in.
mass of concentrated mass

fuselage mass

total wing mass, Ib-sec2/in.

total wing mass outside of fuselage

lumped mess
1ift force per unit length of wing, positive nose down, 1b/in.
Leplace transformation variable

dynasmic pressure based on normel camponent of velocity,
(1/2)pv,2, 1b/sq in.

time, sec
airstreem velocity, in./sec
flutter velocity of airplane with bare wing

airstream velocity at which flutter occurs, in./sec

component of airstream velocity perpendicular to elestic axis,
v cos A, in./sec

reference velocity, in./sec

flutter velocity for continuous wing

distance measured along wing

distance from midchord eft to elastic axis, in.

distence from quarter chord aft to elastic axis, X, + (v/2), in.

distance from three-fourths chord forwerd to elastic axis,
b - X in-
12
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distence from elastic axis aft to center of mass, in.

X3

y general variable

oy cell size for finlte-difference structure

o gbsolute pitch angle ebout elastic axis, positive nose up,
radians

percent decrement per cycle

4 per unit critical demping

2] Blope of elastic axis or roll ebout horizontal axis normal to
elastic axis, positive tip down, radians

A sweepback angle of elastlc axis, deg

p alr density, lb-sec?/in.t

T wing twisting gradient, da/fow

o real part of palr of roots

® angular frequency, radians/sec

@y undemped naturael frequency, radians/sec

ELECTRIC-ANAIOG METHODS OF FLUTTER ANALYSIS

The use of electrical analogs for the solution of aseroelastic
problems has been discussed in detell In reference 1. The purpose of
the present section is to0 summarize the principles briefly. For purposes
" of flutter analysis, the s{ructural system is assumed to be linear, and
& linear electrical network is constructed whose electrical behevior
aepproximates the dynamic behavior of the linearized structure. For this
purpose, capacltors are ordinarily used to represent concentrated or
lIamped. inertia properties, inductors are used to represent lumped flex-
1bility properties, and transformers are used to represent the geometrical
properties of the structure (refs. 1 and 2). In such electrical analogs,
volteges throughout the network represent velocities in the structure and
currents represent forces. Electronic equipment is used to produce cur-
rents which depend on volteges in the electrical system in the seme manner
in wvhich aerodynemic forces depend upon the velocities of the airfoil.
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The composite electrical structure can be regarded as an electrical
model of the aircraft in the same mammer that a wind-tunnel model would
be regarded as a structural model. The advantage of this approach lies
in the relative ease with which one can alter the properties of the model,
thus performing flutter "computetions" with great rapidity. It should be
emphasized that the normal modes of the structure sre not used as tools
or elements in the analysis. The analysis comsists, in fact, in observing
the behavior of an electrical model of en alrcraft in flight.

That behavior which is most readily observed is the transient response
to a sudden disturbance. This method 1s therefore similar to the testing
technique which is ordinarily used for wind-tummel models. An edvantage
of the electrical method 1s that tuned pulses mey be used, so that sepa~-
ration of two or more nearly unstable or slightly unsteble modes of oscll-
lation is more readily accamplished. Basic recorded data consist of the
logarithmic decrement of the response and the frequency of oscillation.
Flutter speed and frequency for any configuration are ordinarily found by
computing the demping g and frequency f <for specific values of veloc-
ity and interpolating to find the frequency and speed at which g 1s zero.

APPROXIMATTONS FOR SIMPLIFYING FLUTTER ANALYSIS

Structural Representation

For dynamic analysis of airplane wings of large aspect ratio, it 1s
customary to treat the wing as a beamlike structure in both vertical
bending and torsion. It 1s usually assumed for simplicity that an elastic
axis exists. For an unswept wing, this 1s a straight line which undergoes
no vertical displacement when the wing 1s subjected to a pure torque par-
allel to this axis and along which no twisting gradient exists when verti-
cal loads are spplied anywhere along this line. For an unswept wing of
conventional construction, this simplification is usually quite accursate.
For a swept wing an elastic axis mey be defined es a straight line which
assumes a constant slope over its entire length when a twisting moment 1s
epplied parallel to this line and which has no twisting gradient when
vertical loads are applied anywhere along this line. For aspect ratios
greater than 5 or 6 and. for conventional wing construction, a line can be
found on the structure which satisfles this definition reasonably well
except near the root. It is not uncommon to find an equivalent elastic
axis at ebout the 35 or 40 percent chord, a line located aft of the leading
edge a distance equal to 35 or 40 percent of the local chord.

The assumption of an elestic axis involves the tacit assumption that
chordwise bending of the wing 1s negligible. It follows, then, that the
motion of the wing at any spanwlse coordinate can be described by two
coordinates, the vertical displacement of some point on the chord, and the
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angle of twist of the chord. If wing motion 1s described in terms of
vertical motion of the elastic axis and twisting motion ebout this line,
then these motions are not coupled through the action of elastic forces
in the wing except in the root region for a swept wing.

The root region of a swept wing is necessarlly a reletively compli-
cated structure. However, for aercelastic problems an equivalent simple
structure can be found which is campletely satisfactory for wings of large
aspect ratio. This can be demonstrated by the following reasoning. The
outer sections of a wing exhibit definite beamlike properties, but in the
region of the root considersble warping of the wing surface must take
place. The aerodynemic forces near the root of the wing are therefore
not adequately described by strip theory. In addition, the inertia
effects of this section are not readily computed. However, the effects
of the serodynemic forces on the root section are insignificant for ordi-
nary flutter computations. This has been demonstrated many times with
the analog computer by removing the aerodynemic forces on the inboard
cell of the finite-dlfference structure. The inertia forces are also
insignificant compared with the elastic forces transmitted by the root
section, and it 1s therefore possible to replace this section for purposes
of enslysis by a set of ™influence coefficients” relating transmitted
forces to relative displacement of an outer section of the wing relative
to the fuselage. It has been found that in some ceses these influence
coefficlients resemble coefficients for a simple beam extending straight
into the fuselage ani attaching there in some simple way. The wing
structural axis then consists of a short section which may be perpendic-
ular to the fuselage center line and which is simply attached to a swept-
back elestic axis which extends to the wing tip.

Methods for determining the equivalent structure are ocutside the
scope of this report. Since this structure varies greatly with the par-
ticular wing construction used, it was necessary to choose a simple though
typlcal root structure for this study. That chosen is illustrated in
figure 5 where the elestic axes are shown by dotted lines. The break in
the elastic axis 18 assumed to be at the edge of the fuselage, and the
axls inside the fuselage is assumed to be straight and perpendicular to
the eirplane center line. The wing is assumed to be pinned at the side
of the fuselage. Consequently, all twisting moment i1s removed at this
point end 1t 1s not necessary to make any essumptions regarding twisting
rigidity inside the fuselasge. Bending rigidity inside the fuselege is,
however, importent for symmetric motion. During the past 6 years, exten-
sive flutter camputetions have been made with the electrlec-analog computer
for comercisl snd military aircraft es well as for wind-tunnel models
including those described in references 3 end 4. In all cases investi-
gated, it has been found that relatively large veriations in root condi-
tions have a negligible effect on the flutter characteristics (in the
sense described in the Introduction). Observed changes in demping were
usually in the range O < |Ag| < 0.05, which hes very small effect on
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flutter speed unless the curve of g againgt veloclity 1s very flat, near
zero values of g. Needless to say, both symmetric and antisymmetric
motion of the airplane must be permitted since the flutter characteristics
for the two types of motion may be quite different.

Fuselage stiffness and inertlia properties usually have such values
that an essumption of a rigid fuselage for symmetric motion alters the
flutter characteristics little. For fighter planes, the error introduced
i8 negligible. For lerge bombers, the change in flutter speed may be
eppreciable, but it does not alter the trends to be observed upon vari-
ation of wing properties. It has therefore been agsumed In this study
that the airplene fuselage 1s rigid. Tall-surface flexibility does not
significently affect wing flutter problems. A rigid tail surface with
sufficient area to provide satisfactory static stablility hes therefore
been assumed.

Aerodynamic Forces

For all the flutter camputations gilven in this report, the eero-
dynamic forces have been simplifled by two importent essumptions:

(1) The air flow is incampressible.

(2) If the airfoil is divided into strips perpenmdicular to the
elastic axis, then the forces on each strip can be camputed as a function
of the normael component of the alrstreem velocity and the motion of that
strip independently of the motion of adjacent strips.

The first assumption is not required by analog methods In general,
but 1its use greatly increeses the rapldity with which data can be obtained.
S8ince the purpose of the study 1s not to obtaln specific accurate flutter
speeds but to study trends in flutter charecteristics, this assumption
does not seem unreasonasble. With regerd to the use of strip theory, two
assumptions are often found in the literature. In using the "airstream
method" the wing is divided into strips parallel to the sirstresm, and
the forces and moments on each strip are camputed as though the wing were
not swept and the alr flow about the sectlon were a two-dimensional incom-
pressible flow. The aerodyneamic coefficlents may be taken to be the same
as thoge for an unswept wing or mey be modified by a factor cos A. Im
epplying the "normal-component method," the wing is divided into strips
perpendicular to the elastic axis. The aerodynemic forces and moments
are camputed as though the effective alr veloclty were the normal compo-
nent v cos A, and the forces depend only on the motion of the individual
strip and not upon the motion of adjacent strips (except that some small
terms mey be included which are proportional to the twisting gradient and
therefore dependent upon the motion of the nearest strips). A critical
discussion of the two alternatives is glven in reference 5. This refer~
ence recammends use of the normal-component method.
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Before adopting the second assumption, an effort was made to find
some correlation with experimental results. Reference 3 contains experi-
mentadl flutter speeds for a wind-tunnel model wing with sweepback angle
equal to ebout 35°. This angle is sufficlent to glve an apprecisble
difference in results obtained with the various essumptions mentioned
gbove. The section entitled "Finite-Difference Errors" in the present
report contalns the results of camputations which show that the normal-
component method gives results which are as satisfactory as those given
by amy other method used.

Equations for determining the aerodynsmic forces by this method are
glven in reference 5. In the equations given there, several terms are
found whose theoretical justification is not well esteblished. These
terms (grouped in speciel brackets on p. 16 of ref. 5) were found to have
negligible effect on semple flutter computetions. It seems reasomable,
therefore, to omit these terms from camputetions involved in the present
trend study. With these omissions and with obvious chsnges to conform
to the symbols and notation used in the present report, the equations are:

P=P) +P + Py

M =My +M2 +M3 + M

Py = -at(qn)(Zb)C(%’;-)E% + (o + 06 tan A) + :—:-(a. +6 'banAi‘
P, = -2« (qn)(l;-:-)(&)

By = -at(qn)(Zb)‘E!(%‘)Q:—ié + x2'r) + %(é - xo'?iltanl\

Ml = —le]_

My = -xyPp
H = -a‘(qn)(#';)(&)

2
M, = -:tp'ba[(% + xoa)'a'. - xoiEl
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Mg = 2"(%)('02)[2@{3':)(- :_: 0 + x21') + % T+ % 6 - (%2 + xo'?)v"’—n]tanzx

The terms are grouped in the order shown for convendence in esteblishing
analog circuits. The last term in P; 1s not found in the corresponding

equation of reference 5. This term is removed (mathematically) by
insertion of an equal but opposlite term In P,+ and a similar term in M5

It 1s added to Pl here because the circuits which generate the term
@+ 6 tan A a.lsoprov:l.d.ethetem(xafvn) (& + 6 ten A), the last part

of which is not found in reference 5. As is polnted out below, this temm
has a negligible effect so that its inclusion is of no Importance, but it
1s Indicated in the expression for P]_ for the sake of campleteness.

It should be emphasized that the dynemic pressure g, 1s based on vy,
vwhere v, is the velocity component normal to the elastic exis. The

coordinates a and 6 are both measured in elastic-axls coordinates.
The symbolism C(bp/vn) is used to represent the Theodorsen or Wagner

function. A short discussion of the interpretation of this symbolic
representation can be found in reference 6.

All terms found ebove cen be represented by simple analog circults
with the exception of Pl|. and D65 Examination of equations 6 and 7 of

reference 5 shows that each term in B and M is similar to (if not

equal to) a term found in the special brackets. Since the latter terms
have been amitted, there seems to be no logical reason for retaining Py

and M5 Ineamuch as thelr inclusion greatly complicates the analog cir-
culits, these terms were also amitted.

In addition to the finlte-difference approximations and those con-
tained in the assumptions of Incampressible flow and strip theory, three
other aerodynemic spproximations should be mentioned. The first of these
is the failure to modify aerodynsmic forces at the wing tip. The delay
in the growth of 1ift forces as described by the Wegner or Theodorsen
functions for two-dimensional flow camnot epply near the tip. Indeed,
both the delasy in 1ift and the megnitude of the 1ift must go to zero at
the tip. The extent of the error introduced depends upon the importence
of tip forces in flutter camputations. Insofar as their location 1s
concerned, these forces are quite important, but, because of wing taper,
the magnitude of the total force per unlt length diminishes near the tip.
Since wings of considerable taper are involved in this investigatiom, 1t
is to be expected that the error will be relatively smell. The second
approximation is fallure to campute aerodynemic forces properly at the
root of a swept wing. As gtated earlier, the error introduced by this
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epproximetion 18 negligible, since the amerodynamic force for a large
section of the wing root can be amitted entirely without an apprecisable

change 1n flutter speed. The third approximation is introduced by the
necessity of computing the Wagner function (or the Theodorsen function)
electrically. This function 1s computed using networks shown in refer-
ence 1 with an error no greater than 2 percent over the frequency range
or time interval of interest.

FINITE-DIFFERENCE ERRORS

Finite~Difference Btructures

No practical methods have been devised for representing gemeral
contimous structures with contimious electrical systems. The electric~-
analog compubter utiligzes lumped electricel elements which can, in prin-
ciple, be used only to comstruct analogs for lumped mechanical] systems.
However, as polnted out in references 1 and 2, it is possible to repre-
sent the dynamlc characteristics of beamlike structures by a lumped
structure based upon finite-difference epproximations to partial differ-
ential equations. It is convenlent to call this lumped system a f£inite-
difference structure, whether it is a mechanical model or an electrical
analog. These Yeferences outline the process by which lnertia and stiff-
ness properties and aerodynamic forces are averaged or replaced by single
concentrated inertias, springs, or forces in the finite-difference
structure.

It should be remarked, at this point, that the assumption of a finite-
difference structure insures a finite mmber of flutter roots or exponen-
tial functions in the transient response, whereas the comtimous structure
hes, in principle, an infinite mmber. Since the higher frequency roots
have high demping, it is only the lower frequency roots that are of
interest. Two or three of these mey, however, show essentially zero
demping simultaneously at a given velocity, and it 1s sametimes necessary
to determine the characteristics of several flutter roots. There is
obviously a lower limit to the mmiber of cells that must be used to obtain
satisfactory accuracy, since each cell edds roughly two roots to the
system.

There is little Information in the literature which pertains to the
accuracy vith which such structures represent the contimuous system.
Reference 7 gives data for static-deflection and normel-mode chaeracter-
istics of certaln finite~difference structures but no information sbout
accuracy of flutter computations. It i1s the purpose of this section to
summerize work at the Analysis Lsboratory of the Celifornia Imstitute of
Technology which was carried out to determine finite-difference errors
in flutter camutations for several specilfic structures.
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Using equations for aerodynamic forces besed on two-dimensiona.l
strip theory' and linear incompressible fluid ‘flow, several "exact
solutions” heve been obtained for flutter problems. Some of these are
found in references 8 and 9. These solutions are exact in the sense that
no further physical or mathematical simplifications are involved and the
only errors are introduced by round-off errors in evaluating transcen-
dental functions and infinite series. Bolution of these same prcblems
by use of finite-difference epproximations to partial differential eque~
tions provides the most practical way of estimating finite-difference
errors for other configurations for which exact solutions are not obtain-
eble. It 1s true that, in all cases mentioned above, the airfoil has
been assumed to have uniform spanwise properties and that in most prao-
tical cases the alrfoll has a significant taper. On the other hand,
reference T contains a study of the finlte-difference errors in the
deflection characteristics and normal-mode properties of both uniform
and tapered beams. This study showed no unusual differences in these
properties, and so it 1s assumed that the results obtalned for flutter
of uniform eirfolls are typical of results thet would be obtalned for
flutter of tapered airfoils.

Although much of the work reported in this section was not done in
the present investigation, it is included here since most of it does not
appear in any reedlly avallable publication.

Uniform Airfoil With Pinned Ends

A uniform beem with pinned ends will support only simusoidal modes
in both bending and torsion. Flutter modes are also of simusoidal shape
and it is therefore possible to reduce the flutter problem to an eigen-
value problem which can be solved with a high degree of mmmerical accuracy.
The finite-difference analogs for a pimmed-pinned beam likewise will
support only sinusoidal modes. It is possible therefore to get exsact
solutions for the finite-difference spproximations to the continmuous
airfolil.

The airfoil chosen for this analysis is described in teble I. For
the contimious wing, the flutter speed and frequency were found to be
Ve = 692 miles per hour and fp = 12.T2 cycles per second, respectively.

Analysis of the finite-difference structure was carried out using eight-,
four-, and two-cell divlisions between the pinned ends. Results are glven
in teble IT and figure 4. For this particular case it 1s necessary to
use more then four cells if flutter speed i8 to be cbtained with error
less than 2 percent. By use of symmetry conditions at the center of the
beam, 1t 1s necessary to use only half this mumber of cells with an
electric analog camputer. Thus, use of two anslog cells gives & theoret-
lcel error of about 2.2 percent, and four enalog cells would give an
error of only 0.6 percent.
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Uniform Cantilever Wing With Concentrated Mass

Analytical determination of the flutter speed of a cantilever wing
is much more difficult then that for a beam with pinned ends. However,
other investigators have obtalned accurate mumerical solutions for a few
configurations. The most important of these is described in reference 9.
This case 18 of importance for two reagsoms: Tt involves several spanwise
positions of a large eccentric concentrated mess which has a great effect
upon the flutter speed; and, for same positions, at least two campletely
different flutter roots can be found.

Teble ITT presents the physical characteristics of the airfoil
analyzed in reference 9. In this reference, the flutter speed and flutter
frequency were camputed for seven mass locations, data for which are
reproduced in teble IV. Since the location of a concentrated mass mey be
important in flutter emalysis, and since all points on a finite-difference
beam are not equally sulteble as an attachment point for a concentrated
mess, It was believed that a comparison of the sbove data with finite-
difference solutions was quite importent. Unfortunately, similar accureate
solutions for a finlte-difference structure are not readily obtained, so
it was necessary to use the electric-analog camputer to obtain these
solutions. The resulting coamparison therefore containg both finite-
difference and analog-computer errors. Previous work has indicated that
the latter are probebly not greater than 1 percent if the Theodorsen
function 18 represented accurately.

In this analysis, two slightly different beem analogs were used.
In both, the besmlike properties were represented by a system of levers
(transfomers), but in one group the lumped forces were applied at the
Junctions of the levers and in the second group the forces were applied
at the midpoints of the levers. The analog of the second group was once
thought to glve a better approximation since it resembles the Russell beem
analog Giscussed in reference 7. Recent investigation has shown that this
bellef is without foundation, and the second analog 1s now preferred only
as a matter of convenlence for sweptback wings since it provides the wing
slope directly at the force stations where 1t is needed for computation
of aerodynamic forces. In both cases the cantlilever condition at the
root wes provided by a half cell at the root, and the forces nearest the
tip were applied one half cell fram the tip. Thus the first group involved
an integral number of cells, and the second group imvolved a half integral
(integer plus one-half) mumber of cells. Five cases were investigated;

2, a]é‘-, h, 5%, and 6 cells. BSince it was shown in the previous section

that less then 4} cells wes of no interest for present purposes, only the
results of L, 5%, and 6 cells are presented in this report.
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In view of the simplicity of the flutter curves shown in reference 9,
1t was expected that data would be taken at only & few spanwise mass loca~-
tions. However, it was soon found that the flutter characteristics were
much more complicated than anticipated, and date were taken at 2 mass
locations in the 6-cell case. The flutter characteristics of the wing
with variable location of the concentrated mass are sketched in fig-
ure 5(a). As the concentrated mass is moved outward from the root, the
flutter speed drops slightly. At a distance ebout 16 percent of the total
span from the root a minimum is reached, and beyond the 25-percent posi-
tion the flutter speed rises very repidly. At the 30-percent position
the flutter speed for this root has become equal to the flutter speed of
a completely different root. The flutter speed for this second root drops
with increasing spanwise position of the mass meking it impossible to
determine with the analog compubter the speed for the original root beyond
the 30~percent position. The flutter speed for the secondi root reaches &
minimm with the mess at the L5-percent position, then rises to a vexy
high value as the mass is moved toward the T5-percent position. A flutter
root which is probably the second is observed for mass positions neaxr the
tip, the lowest flutter speed occurring with mass at the tip. It was
also observed that divergence of the wing occurred whenever the flutter
speed exceeded about 5,000 inches per second. Because of divergence, it
was not possible to measure with accuracy flutter speeds which exceeded
divergence speed by more then about 50 percent. As a result, flutter
speeds with mass near the 75-percent span could not be measured.

The flutter characteristics for the l-, 5% -, and 6-cell structures

are shown in teble V and figure 5(b). Dete for the seven positions ana~
lyzed in reference 9 are also plotted in the figure. Inspection of these
curves shows thet many more accurate mmericel solutions are requlred. to
determine the finlte-difference errors for all mess positions. In spite
of the inadequate mmerical date, an attempt was made to draw a smooth
curve through the known polnts taken from reference 9. In doing this the

5%- and 6-cell analog data were used as a guide in determining the shepe

of the curve. This curve, shown in figure 5(a), has already been dis-
cussed. It 18 reslized that a significant error of as much es 2 or 3 per-
cent may exist in this curve for same mess positions, but there was no
other method for obtaining estimeted errors for the finlte-difference
structures. With the understanding that the camparison data mey be in
error in some regions, figure 6 was prepared showing the percentage error
in flutter speed for the various analogs as functions of the mass location.

For 5%'-- and 6~cell structures the average errors are sbout 2 percent.

It can be readily seen that, although a L-cell anelog gives very satis-
factory regults for the bare wing (mess position 0), it is necessary to
use more than L cells if errors less than 5 percent are required at other
mess locations. A further dlscussion of this investigation will be found
in reference 10.
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As & result of this analysis, 1t was declded that all flutter com-
putations made in this trend study would be made using 6% cells to
represent one-half of the alrplane wing.

Experimental Correlation

Wind~-tunnel tests have been made of many model structures. It is
difficult, however, to find unclessified data in which the structure is
completely and accurately described. In the course of this investigation,
two cases were found in which & correlation between experimental and
camputed characteristics could be attempted. The first of these is the
uniform unswept cantilever wing discussed in the preceding section. The
flutter speed and frequency observed in a wind tumnel are reported in
reference 9 and a companion report, reference 11. These data are summa-
rized 1n table IV, which also contalns the computed values of reference 9.
A better umderstanding of the correlation is obtained if the experimental
deta are plotted with the assumed analytic solution. Figure 5(a) shows
Buch a camparison. The correlation for this cese seems unusually good.

Flutter Speed of a Swept-Wing Model

Reference 3 gives results of wind-tumnel tests to determine the
flutter speed of a model wing with sweepback engle equal to 34.5°. This
wing had two concentrated masses attached at approximately the 30- and
80-percent span positions. In an effort to campare the airstreem and
normel-component aerodynemics for fintter computations, an electrical
analog was constructed for this wing. For any sweepback angle, it is to
be expected that the two methods will give flutter speeds differing by a

factor of epproximetely (cos A)1/ 2, unless the serodynamic coefficients
are modified by the factor cos A 1n the airstreem method, in which case
the two methods should glve similar results. The principal difficulty
encountered was determination of the properties of the concentrated masses
on ‘the wing, since reference 5 does not give complete information ebout
these masses and their geametrical location. The best data that could be
deduced fram this report are given in teble VI. Since the masses are
alined with the airstreem but are represented in elastic-axis coordinates,
a product of inertie between roll end pitch exists. Since no such infor-
mation was available, the product of inertia wes omitted from computetions,
and the rolling inertia sbout a chord line was assumed to be one-half as
large as the pitching inertia ebout the elastic axis. It is belleved
that these approximetions and simplifications will affect the results by
less than 1 percent.

A comparison of observed end camputed characteristics is given in
table VII. The first three normel-mode frequencies show satisfactory
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egreeament, with differences of 1, 5, and 5 percent, respectively. The
flutter speed computed with either representation of aerodynemic forces
is lower than the wind-tumnel value. In the case of the alrstream method,
the discrepancy 1s 19 percent, or, if the aerodynsmic coefficients are
modified, 11 percent. Using the normel-camponent method, the discrepancy
1s 12 percent. Flubtter frequency is in error about 20 percent in all
cases. Although the observed differences are relatively large in all
cases, it is concluded that the normal~component method recommended in
reference 5 is satlisfactory for this model.

CHARACTERISTICS OF FOUR REPRESENTATIVE AIRCRAFT

Plan forms and stiffness and lnertia data were chosen after surveying
the various fighter, bamber, and transport planes developed in recent
years. Four representative airplanes were chosen, two fighters and two
large bombers. Smaller attack bambers and transports were.not iIncluded .
because of lack of time. The airplanes chosen are nét simflar in all
respects to any particular set of four airplanes, but they do have stiff-
ness end inertia properties which resemble four specific airéraft. Plan
form, sweepback angle, elastic-axis location, and concentrated-mass loca-
tions were, however, chosen more arbitrarily so that.this report could
remain unclassified. The four bagsic plan forms are shown In figure 3.

The basic fighter A has a bare unswept wing with span of ‘about 500 inches,
teper ratio of 2.0, a.nrl aspect ratio 6. The basic fighte:: -B"has a wing
sweepback angle of 30°, a span of ebout 400 inches, and & teper ratio

of 2.0. The two basit wings have the same length measuted along the
elastic axis and the same chords measured perpendicular to the elastic
axis.

The besic bamber A has an unswept wing with span of about
1,700 inches, teper ratio of 2.5, and aspect ratio 12. It has a concen-
trated mass representing an engine nacelle at the 0.46-span position
with center of mass about one-balf chord forwerd of the elastic axis.
The basic bomber B has a wing sweepback sngle of 30°, a span of ebout
1,500 inches, and a taper ratio of 2.4. It also has a concentrated mass
representing an englne nace].‘l.e at the seme relative position as for
bomber A. The two basic wihgs have the seme length measured along the
elastic axis and approximately equal chords when measured parallel to
the alrstream.

Mess per unit length, pitch inertia per unit length, bending rigidity,
and torsional rigldity were drawn as smooth curves approximating the
characteristics of some typical modern alrcraft. As described in refer-
ence 2, these data must be collected or lumped over distances corresponding
to the cell length of the analog finlte-difference structure. The assumed

_curves and the lumped values are shown in figure 7. The lulped values
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are also listed in tebles VIII to XI, which give all pertinent character-
1stics of the basic airplanes.

Eight Important parameters of the basic airplane wings were varied
in an effort to find similar features in the flutter characteristics of
the verious wings. The quantitlies varied and the extent of their vari-
ation is summarized as follows:

Quentity varied Minimm value Meximum value
Wing mass density, per unlit basic . . . . 0.5 2.0
Wing pitch inertias, per unit basic . . . 0.5 2.0
Bending rigidity, per unit bagsic . . . . . 0.67 1.5
Torsional rigidity, per unit basic . . . . 0.67 1.5
Center-of-mass location, percent chord . . 25 60
Elastic-axis location, percent chord . . . 30 50
Chord, per unit basic . . . . ¢« « « « « & 0.67 1.5
Sweepback angle, deg « « « « « + o ¢ o o o (o] 45

With the exception of sweepback angle, these quantities were varied
one at a time from their basic value. However, for all four basic air-
Plenes, same or all of the paremeters were varied for two or three values
of sweepback angle. It is realized that the above veriations do not
constitute a comprehensive survey. However, to a considerable extent the
changes in flutter speed due to several variations are additive if the
veriations are small and are made silmultaneously. Another limitation is
that the flutter characteristics are affected by the spanwise variation
in the first seven quantities listed. The two fighters and two bombers
constitute four chenges in the spanwise variation of these quantities
but unfortunately are cases in which four or five of them are varied
simulteneously. Other quantities which were thought to have secondi-~order
effects were not considered. Among these are altitude (represented by
ratio of air density to wing mass), fuselage mess and pitching inpertia,
end tail configuration. This does not imply that flutter velocity is
independent of altitude, but with very minor variations the flutter
velocity varles inversely as the square root of the air density. Sea-
level air demsity was used throughout this study.

It is improbeble that bombers of the plan form and size studied will
be flown without engines on the wing. Consequently, the basic cases of
interest are those in which a concentrated mass is located there. On the
other hand, it is of same interest to compare the characteristics of the
bare wing as well as those of a wing with concentrated mass. Both bomb-
ers A and B were studied with bare wing as well as with concentrated
mess in the basic position on the wing.

For purpose of reference, it is necessary to assign a mmber to
designate each particular case. The group discussed sbove comprises
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175 ceses. The assigmment of case numbers i1s shown in teble XII. This
table ghows most rapidly the various cases that were studied.

Concentrated messes on fighter wings usuelly consist of fuel tanks,
bambs, or simllar stores. It is impossible, therefore, to select a
single value for mess end inertia which can be regarded as typical. For
certain positions, many values for mess and inertia were chosen, although
in most cases the mmber of values was restricted by the time available
for computetions. For reference purposes, the basic mass for fighter
plenes was arbitrarily chosen to be onme-quarter of the mass of the entire
wing (helf of the mass of one side), the pitching radius of gyration was
set equal to 30 inches, and the roll radius of gyration was assumed %o,
be 15 inches or less. Specific data for the two fighters are listed in
teble XIII. )

Concentrated masses for bamber airplsnes are usually engine nacelles,
with a mass which can be predicted within a factor of 2. Nevertheless,
it 18 of same interest to study the effect of various mess values in
these cases also. Basic mass value for both bambers was assumed to be
15 pound-seconds squered per inch, which corresponds to a welght of nearly
6,000 pounds. Pitching radius of gyration was assumed to be 35 inches.
Basic mass position wes essumed to be at the 0.46-gpan position and
60 inches in front of the elastic axlis. These data are also tebulated
in teble XIII.

The concentrated-mass characteristics varied in this study are:

1) Mass

2) Pitching inertia sbout center of mass
3) Spenwise location

}) Chordwise location

5) Pitching flexibility

The assigmment of case mumbers 1s more difficult for this phase of
the study. Although specific spanwise positions were chosen, 1t was not
possible to choose chordwise positions beforehand. The chordwise posi-
tions were chosen as the data were obtained. In some cases more than
20 positions were used for a given spanwise location. Consequently, one
case mmber was assigned to all chordwise variations at a given spanwise
location. A summary of all variations with the corresponding case mm~
bers 18 given In table XIV.

Pitching flexibility of the concentrated mass was veried in six cases
involving both bombers. In all cases, the chordwlse locatlion of the cen~
ter of mess was basic (teble XIII). In three ceses the mass was in basic
spanwise position and in three cases the mass was at the tip. Case mmbers
are given in teble XIV.
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TRENDS IN FIUTTER CHARACTERISTICS

Reference Quantitles and Graphical Presentation

Results of the study of trends in flutter characteristics which are
listed In table XV are glven I1n miles per hour and in per unit values of
& reference speed. The reference veloclity chosen 1is

Yo = loll':l.n. sec = 568 mph

Obviously a flutter speed of 1.5 would not represent & realistic value
since this would correspond to supersonic speed with a Mach mmber of
ebout 1l.1. However, such & mmber still has useful significance for

two reasons: (1) A major purpose of this study is to esteblish trends

and to determine what configurations tend to be more or less stable than
others, and (2) a change in stiffness is equivalent to a change in veloc-
ity, so that a structure with one-half the st 88 of another, but other-
wise unchanged, would exhibit a flutter speed 1/{2 +times as great as
that of the other, a value equal to 1.06 or 600 miles per hour in the case
glven above.

All geometrical, structural, and inertias quantities are given in
per unit values. For example, distances ere meesured in units of the
airplane semispan and masses, in terms of a basic value. For conversion
to specific mechanical units, the reference quantities will be found in
figure 5, which shows the plan forms, figure 7, which gives inertia per
unit length and rigidity data for the wings, and tebles VIII to XI, which
list all pertinent characteristics of the four besic airplanes. The
density of alr at sea level was used throughout these computations. The
value chosen is:

p = 1.146(10°7) 1b-sec? 1n.

In presenting results graphically, flutter speeds have, in general,
been reduced to dimensionless values by using as the velocity unit the
flutter speed of the basic configuration. For exsmple, when plotting
antisymmetric flutter speed as a function of wing mass density for a
perticular wing such as that of fighter B with A = 45°, the flutter
speeds have been divided by the antisymmetric flutter speed of fighter B,
A = 459, with basic wing mess. Symmetric and antisymmetric results are
both presented, rather then choosing the one which gives lowest flutter
speed. Where such results are presented in the seme figure, symmetric
results are generally indicated by solid lines, end antlsymmetric results,
by dotted lines. Bpecific mmerical velues for the flutter speeds and
flutter frequencies are found in table XV.
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Mess and Imertia Variations

In most practical configurations, the normal mode of vibration with
lowest frequency is predaminantly & bending mode and 1s usually called
the first wing bending mode. In the absence of a large concentrated mess
on the wing, a predaminant torsionel motion is usually observed in the
third or fourth mode. Simple flutter can often be predicted with engl-~
neering accuracy using only these two modes as the normal coordinates of
the structure. When a large concentrated mess 1s involved, the situation
is8 much more camplex. Two or more torsion modes as well as two or more
bending modes became important in flutter camputations, and several flut-
ter roots mey be observed which predaminantly involve various omes of
these modes. For eccentric masses i1t becomes, in fact, impossible to
speak of bending and torsion modes since many modes will involve both
large bending and torsion displacements.

In those cases in which flutter involves a bending mode and a higher
frequency torsion mode, it can be sald that a structural chsnge which
separates the frequencles of these modes ordinarily raises the flutter
speed, and a change which hakes the frequencies more nearly equal lowers
the flutter speed. It will be observed below that this generalization
is not always valid. A change in mass density without change in pitching
inertie has greatest effect on first bending frequency even In caeses with
large sweepback. Consequently, increase in wing mass density would be
expected to give mn increase in flutter speed and decrease in mass den-
sity, a decrease in flutter speed. Changes in pitching inertia would
normelly be expected to have an opposite effect. Such variations were
made for three fighter configurations, four bare-wing bomber configura-
tions, and five bamber configurations with concentrated mass. The mass
density and pitching inertiea were separately changed by factors of 2.0
and 0.5, making a total of 48 configurations in eddition to the 12 basic
cagses. Reference case mumbers are given in teble XII.

Tebulstion of flutter speed and frequency for each case will be
found in table XV. The results are also shown in figure 8. As mentioned
earlier, the flutter speeds have been reduced to dimensionless values by
using as the veloclty unit the flutter speed of the basic wing for each
basic configuration. The trenis predicted ebove are found in most cases.
In the case of bare-wing fighters the effect 1s very systematic. The
average of all cases is given as follows:

Average change in vy,
Mass value Pitch inertia value percent
(o} =12
(0] 6
5 8
0 -9
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The results for banmbers show much less consistency. For cases both
with and without concentrated messes, the effect of wing-mass denslty
veriatibn is unpredicteble. Nearly half of the cases show trenis which
ere opposite to that predicted ebove. The addition of a.concentrated
mass at the 0.46-span position reversed the trend in several cases. On
the other hand, change in wing pitching inertie did show a systematic
trend for all bomber cases. On the average, a change in pltching Inertia
by a factor of two changed the flutter speed ebout 7 percent.

The following conclusions can be drawn:

(1) A chenge of wing pltching inertia shows a systematic trend
for all wings, although the effect is small.

(2) A chenge of wing mass shows & definite trend for typical
fighters, although the effect is small.

(3) Chenge of wing mass for typical large bambers with or
without concentrated masses shows no systematic trend.

8tiffness Variations

It has been pointed out (e.g., ref. 1, p. 783) that when incompress-
ible fluid flow is assumed, a change of stiffness is equivalent to a
change of veloclity insofar as transient response of an airfoil 1s con~
cerned. Comsequently, it can be sald that a uniform increase in stiffness
will raise the flutter speed by the square root of the factor by which
stiffness 1s Increesed. In most alrplenes, it is found that the increase
in torsional rigidity is primarily responsible for the increase in flutter
speed and that, in general, a change in bending rigidity over rather wide
limits does not change the flutter speed significantly.

As shown in teble XTI, 12 configurations were studied to support
this conclusion. 8Since both bending rigidity and torsional rigidity were
separately changed by factors of 0.6T and 1.50, there are a total of
48 case numbers assigned to this group. The results of this study are
listed 1n teble XV and presented graphically in figure 9. For ease of
camparison, flutter speeds are converted to dimensionless values, and
flutter characteristics for changes in bending and torsional rigidity sre
plotted side by side. In general, it wes found that change in torsional
rigldity by e Pactor of 3/2 or 2/3 increased or decremsed the flutter speed
by 20 percent and that a similer change in bending rigldity had a negli-
gible effect upon the flutter speed. Among the 12 configurations studied,
the followling exceptlons to this trend were noted:

(1) Bomber A, A =0° In the antisymmetric case both bending and.
torsional rigidity hed roughly equal effects, flutter speed changing
$10 percent for the rigidity change given sbove.

(2) Bomber B, A = 45°: Symmetric cese seme as cese (1) above.



NACA TN 3760 2>

(3) Bouber A, concentrated mass at 0.46 span, A = 0°: In the
antisymmetric cese, torsional rigidity had a 50 percent greater effect
(£30-percent change in flutter speed) and b rigidity hed a nege~
tive effect (FlO-percent change in flutter speed).

(4) Bamber A, concentrated mass, A = 30°: In the symmetric case,
the trend waes nommal only for Increase In torsiomal rigidity and decresse
in bending rigidity.

These exceptions do not comstitute a major deviation, and the tremd
is considered well established.

Locel Btiffness Variations

It is not to be expected that the same effect wlill be observed if
torsional rigidity is changed at various stations along the wing. In
the sbsence of a concentrated tip mass, eny effect on flutter speed must
venlish for stations near the tip, and presumebly the largest effect will
be observed for stations near the fuselage. Because of the great ease
with which these data could be obtained, the effect of local stiffness
variation was obtalned for several configurations.

The analog camputer requires lumping or avereging of inertia and
gtiffness properties. Consequently, it is possible to determine readily
only the effect of a stiffness varlation which must be assumed to extend
over the entire length of a cell in the finilte-difference structure. The
basic data conslst therefore of step curves. To obtain an approximate
value for the per unit change in flutter speed per unit chenge in stiffness
per unit length at any point along the wing it 18 necessary to draw a
smooth curve passing through this curve such that the areas under the
two curves are approximately equal. It 1s belleved more sultable to
present the step curve and let the reader do eny smoothing his application
requires. The configurations studled are listed below:

1) Fighter A, A = 0°, gymmetric and antisymmetric, case 10

2) Fighter B, A = 0°, symmetric and antisymmetric, case 32

3) Bamber A, A = Og, bare wing, symmetric, cese 93

4) Bomber 2, A = 0°, concentrated mass at 0.46 span, symmetric,
case 07

Results of this study are presented in figure 10. The ebscissa of a
curve 1s the spanwise station at which the bending or torsional rigidity
variation is mede. The ordinate 18 the per unit change in flutter speed
Per unit change in stiffness per unit length along the wing. If, for
exemple, the stiffness 1s increased J percent over a distance w
a wing of semispan 1 between the stations d - (w/2) end 4 + (w/2),
then the ordinate of the smoothed curve at the abscissa d/1 when multi-
plied by J(w/1) will give the approximate percent chenge in flutter speed.
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Data for the two fighters show great similarity both for symmetric
and antisymmetric conditions. The greatest effect is cobtalned by changing
torsional rigidity near the midspan position, slightly outboerd for
fighter A and slightly inboard for fighter B. The effect of a bending-
rigidity change was found to be small at all stations. In most cases a
smell negative effect was observed, the flutter speed dropping slightly
as the bending rigidity was increased.

Bamber A without concentrated mass showed a similar trend with the
following exceptions: - :

(1) Maxdmum improvement was obtained by changing torsionsl rigldity
near the root of the wing (0.25-span position).

(2) Increase in bending rigidity wes observed to decrease the flutter
speed by an amount which was 5 to 10 times greater than that for fighter A.

Addition of a concentrated mess at spanwise station 0.46 has a great
effect on this characteristic. The mass chosen is typical for an eir-
plane engine, and is sufficiently large so that the wing is to a certain
extent pimned at this point for the particular flutter root involved.
Consequently, stiffness changes inboard of the engine have a negligible
effect, ani changes outboard have an effect very similar to that observed
for a bare wing of reduced length.

It should be remarked at this point that the result discussed above
is not to be regarded as a trend for all configurations. When the flutter
is primerily en outer-wing bending-torsion flutter then this result is to
be expected. Experience has shown, however, that occasionally an immer-
panel torsion mode is imvolved in flutter, and change in torsiomal rigid-
1ty outboard of the nacelle has no significent effect. It is unfortunate
that such a configuration was not investigeted for this report.

Center-of-Mass Location

The location of the wing center of mass has a great effect upon
flutter speed of an airplane wing. The general trend is that flutter
speed Increases as the center of mess moves forwerd. It 1s not gener-
ally true that the center of mess is at a constant chord location at all
spanwlise stations. However, for purposes of studying the trends, it is
necessary to assume some basic position for the center of mass. Past
experlence has shown that a center-of-mess location near the elastic axis
(usually slightly aft) is both realistic and typical. For this reason
the baslic positlion of the center of mass was assumed to be the elastic
axis or 40 percent chord. Variation in center-of-mess location wes
between the 25~ and 60-percent-chord points. Thirteen configurations
were studied, the various center-of-mass locations comprising 55 cases
listed in teble XII.
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The results are listed In table XV and are shown graphically in
dimensionless form in figure 11. The general trend 1s that the flutter
speed. Increases as the center of mess moves forward and decreases as the
center of mass moves aft, except for center-of-mass locations fer behind
the elastic axis. For positions near the elastic axis, the flutter speed
changes about 3 percent for a shift in center of mass equal to 1 percent
of the chord. For the extreme aft positions (60 percent chord) most of
the curves became quite flat, and in ebout four cases the flutter speed
has started to rise slightly as the center of mass is moved farther aft.
On the other hand, the curves became very steep for center-of-mass loca~-
tions forward of the elastic axis. In most cases the increase in flutter
speed was 8o great that data could not be obtalned for the 25- and
32.5-percent~chord locations because the flutter speed greatly exceeded
the divergence speed. The average percentage change in flutter speed
for a shift 1n center of mass equal to 1 percent of the chord depends
upon locetioh of the center of mass as Indicated below:

Center-of-mass location, percent chord . . « « . . . « 4O 50 60
Change in flutter speed, percent . . . « ¢« « ¢« & = « & 3.1 1.7 0.8

One unusual case was noted. The results for fighter B, A = 45°, in
figure 11(a) show an unusual behavior for aft center-of-mess location
in the entisymetric case. A study of the frequency of oscillation for
each position tends to support the conclusion that two different flutter
roots are involved. In any case the results are enomaelous and could
bear further investigation.

Fighter A, A = 0°, shows another unususl characteristic in the
antisymmetric case. One flutter root disappears as the center of mass
is moved forwerd of the 46-percent-chord location. This result, shown
in figure 11(a), is more easily understood by reference to figure 12
vwhere the curves of g against v are plotted for this configuration.
A similar case shown in figure 11(b) has two readily cbserveble flutter
roots, one with low and the other with high flutter frequency. Data
for both cases are given in figure 11(b). It is true that only the one
with lower flutter speed 1s of practical interest, but for purposes of

studying tremnds both are equally important. A plot of g against v
for this case 18 also shown In figure 12.

Elastic-Axis Iocation

A main component of the aerodynsmic pressures on an airfoil is
equivalent to a force applied at the quarter chord. Consequently, the
elastic~exis location relative to the querter chord determines the
nature of the coupling between aerodynemic forces and the structure.

If elastic-exis location alone were changed, both center of pressure and
center of mass would change with respect to the assumed structural axis.
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In order to separate the effects due to these two changes, the center of
mess wes moved with the elestic axis in the configurations discussed here.
Aerodynsmic coupling in which the center of pressure (quarter chord) is
forward of the elastic axis mey have & destebilizing influence vwhile
center of pressure aft of the elastic axis generally has a stebilizing
effect.

Elestic-axis locations between the 30 and 50 percent chord were
used in the 16 ceses listed in teble XII. Results are glven in table XV
and figure 15. In all ceses the expected trend was observed. For an
elastic axis near the 40 percent chord, the flutter speed changed
5.2 percent on the average for a shift in elastic axis equal to 1l percent
of the chord. This effect 18 not linear over a wide range, however; the
flutter speed increases more rapidly as the quarter chord is approached
and decreases hore slowly as the elastic axlis i1s moved aft. For an
elastic axis at the 50 percent chord, the corresponding change in flutter
speed wes only 1.8 percent.

Chord Variationms

A change in chord of & wing is usually accampanied by significant
chenges in mess, inertia, and stiffness as well as changes in other
characteristics. In an effort to assess the effect of aerodynamic pres-
sures alone, variations were made in which mass, inertia, and stiffness
were held constant while the chord length was changed. ILocation of the
elastic exis was maintained at a constant per unit chord station so that
the distance between quarter chord ani elastic axis changed in proportion
to the change in the chord length. Since the magnitude of the aerodynamic
force increases with chord length and since the predaminantly destebilizing
lag of the Theodorsen function increases with chord length, it is to be
expected that the flutter speed will decrease as the chord length is
Increased.

Four configurations were studied in which the chord length was
chenged by factors of 0.67 and 1.50. The eight cases and the configura-
tlons are listed in table XII. Flutter characteristics are given in
teble XV and figure 14. The results are remarksbly uniform. On the
aversge, & T-percent change in flutter speed results from a 1O0-percent
change in chord, smaller chords giving a higher flutter speed.

Sweepback

The effect of sweepback upon flutter speed depends upon many factors.
In conventionel wing design, the root structure vearles greatly with sweep-
back angle, and the equivalent elastic exis may show considereble varia-
tion in position. For wings of large sweepback angle and low aspect retio,
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the concept of an elastic axis may not be useful in describing structural
properties. From another point of view the problem i1s even more perplexing
since there 1s not general agreement about the nature of the aerodynamic
forces on & swept wing. In the section of this report entitled "Finite-
Difference Errors,” the results of three methods of computation were com-
pared with results of wind-tumnel tests of a model wing which was swept-
back 34.5°. Two methods were found to glve similar results, which were
significantly better than those of the third. Although the agreement wes
not entirely satisfactory, it was decided to use the aerodynamic forces
recommended in reference 5. For the present investigation, the following
essumptions were therefore made:

(1) Aerodynamic forces are ss discussed in the section entitled
te-Difference Errors.”

(2) To achleve a sweepback angle, the wing 1s rotated about a verti-
cal axis through the intersection of the unswept elastic axis and the
side of the fuselage. The tip 18, however, terminated parallel to the
airstream, so thet only the span measured along the elestic exis is
unchanged 1in length. '

(3) Structural properties of the wing are unchanged by sweepback.

() The center of mass of the fuselage 18 moved aft as the sweepback
angle is increased so that it coincides roughly with the center of pres-
sure of the wing.

(5) No modificetions were made for aserodynsmic forces at the tip.

The five basic configurations are shown in teble XTI, which gives
reference mumbers for the 17 cases. The results are given in table XV
and figure 15. Flutter cheracteristics of the two fighters show a
reasonable correlation, and, In general, & Gecrease in flutter speed for
sweepback angles other than zero. However, the barbers do not show a
correlation with the fighters or with each other. It is significant that
a substantial change in flutter speed wlth sweepback angle was observed.
In one case, flutter speed increased more than 60 percent for a 45° sweep-
back, while other cases showed a J0-percent decreasse for sweepback angle
of sbout 25°.

In addition to the cases ebove, it is possible to crossplot the
variastion of flutter speed with sweepback angle for the following parsm-
eter variations of bamber B: Wing mess density, wing pltching inertia,
bending rigidity, torsional rigidity, and center-of-mess location. Most
of these are plotted in figure 16. It is interesting to note that the

general trend for bomber B is to a great extent independent of these
variations.
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Concentrated-Magss Pitching Flexibility

The engines on present-day bambers are sametimes mounted in nacelles
on pylons some distance below the wing. Because of the inherent flexi-
bility in such a structure and its festening to the wing, the dynemic
characteristics of the engine are altered. Because of the symmetry of
the structure, it is possible to write two sets of equations for the
nacelle, one involving pitching, vertical, end fore and aft motion and
the other involving lateral, rolling, end yawing motion. These sets are
uncoupled except through interactions with the wing. The characteristics
represented by the equations involving pitch have a greater effect on
flutter characteristics, or, stated in another way, the assumption of a
rigid pylon for lateral motion has not ordinarily been observed to intro-
duce great différences in flutter characteristics. This assumption
becames less valid for wings with large sweepback. On the other hand,

a significant veriation may be cbserved as the pltching flexibilitles are
varied. For pltching motion it is usualliy quite accurate to assume an
effective center of rotation at same point in front of and below the
elastic axis. TUnless a specific case is to be considered, however, it
is Just as satisfactory to essume this center of rotation at the elastlc
exis, since variation in the location of this point has only a second-
order effect. Consequently, in this study the center of rotation for
pltching motion was esteblished at the elastic axis and the pylon wes
assumed. rigld for lateral motion.

B8ix cases shown in teble XIT were Investigated:

1) Bamber A, A = 0°, mass at 0.46 span, case 176
2) Bamber A, A = 0°, mass at tip, case 179

3) Bamber B, A = 0°, mass at 0.16 span, case 177
4) Bomber B, A = 0°, mass at tip, case 180

5) Bomber B, A = 30°, mass at 0.46 span, case 178
6) Bamber B, A = 30°, mass et tip, case 181

In all of these cases the chordwise position of the mess wes basic,
60 inches forward of the elastic axis.

In presenting the results, an effort has been made to put the data
in dimensionless form. Thus, the flutter speed 18 gliven as a per unit
value of the flutter speed with rigid connection. This basic flutter
speed can be found in table XIV. The flexibility is conveniently meas-
ured by the normal-mode vibration frequency of the nacelle with the wing
held rigid in pitch. However, instead of using the value of frequency
in cycles per second, this frequency is measured in per unit value of
the flutter frequency with rigid conmnection. Values for the flutter fre-
quency with rigid connection can also be found in table XIV. There are
two frequenclies of the nacelle which might be regerded as significant.
One of these i1s the cantilever frequency in which the wing 1is held rigid
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in both pitch and plunge. Bowever, for large bambers, the wing has such
great flexibility in vertical bending that greater significance might be
attached to the frequency when pitching motion is constralned end vertical
motion is coampletely unrestrained. Because of the location chosen for
the basic mass, the difference in these frequencies is & factor of 2, the
frequency with vertical motion unrestrained being higher. For presenta-
tion of data, this h:l.ﬁher value of frequency was chosen, because in those
cases where a "tuning® effect was observed the meximm effect occurred
when this frequency was equal to the flutter frequency for the basic
rigid mass. One exception to this 1s observed in the discussion below.

Results are plotted in figure 17. Nine of the twelve ceses show a
predominant decrease in flutter speed as the rigidity is reduced fram
an infinite value. BSeven of these cases show a minimm flutter speed
when the nacelle frequency 1s nearly equal to the rigid flutter frequency.
This decrease varles between T and 37 percent with an average value of
18 percent. Two cases show a decrease in flutter speed, but no tuning
effect. The maximm rate of decrease occurs, in fact, when the nacelle
frequency is far below the rigid flutter frequency. In both cases the
Flutter speed drops to an asymptotic value about six-tenths of the basic
value.

Three of the twelve cases show an increase in flubtter speed as the
rigidity is reduced from an infinite value. In twoe cases Incresse takes
plaece Iin the region where nascelle frequency is roughly equel to the flut-
ter frequency. In both cases the flutter speed increases more than
50 percent. The lest anomalous case shows a resonence or tuning effect.

It 1s anomelous for two-reasons: (1) The flutter speed rises to & sharp
peak about 10 percent above basic value, and (2) this occurs when nacelle
frequency 1s twice as great as the flutter frequency. It should be polnted
out that, for this rigidity, the flutter frequency 1s equal to the nacelle
frequency with wing attachment comstrained in bending as well as pitch.

Effect of a Concentrated Mass

Meny elrcraft structures have engines, stores, or external fuel
tanks attached to the wing in such a way that they act dynamically as
concentrated masses. It has long been known thet the location of such
a mass has a significent effect on flutter. Unfortunately, other aero~
Gynamic and’ same structural problems do not permit location of such a
mass 80 that maximm flutter speed is obtalned. On the other hend, within
the restrictions imposed by other considerations, it is often possible
to improve flutter characteristics significantly by proper choice of mass
location.

This investigation has included a detalled examination of the effect
of a concentrated mass on the flutter characteristics of several config-
urations of the four basic airplane wings. Preliminary study of this
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effect showed such interesting and umusual. effects that the scope of the
investigation was expandied beyond that originally proposed. The resulting
data are so voluminous that it is difficult to present them effectively.
In particular, it is imprecticael to construct a taeble which gives all of
the data obtained, and so grephical presentation 1s required. Two methods
have been adopted in this report. For a given spanwise location of the
mags, the flutter speed cen be plotted as a function of the chordwise
location. This has been done for all cases investigated. BSince the con-
centrated mass is alined with the alrstream, it is most convenient in
cagses wlth sweepback to move the mass parallel to the airstream rather
than perpendicular to the elastic axis. Where sufficient dete are avail-
gble, these curves can be summearized In a single diagram in which lines
of constant flutter speed are shown on & drewing of the wlng plan form.
For the concentrated mass located anywhere on such a contour line, the
flutter speed will be the same. The result 1s essentlelly a topographic
mep of the flitter-speed surface, where each point on the plan form
represents a possible locatlion for the concentrated mass.

Several dlifficultles arise with both methods of presentation. The
main source of difficulty ‘1ies in the fact thet several important flutter
roots exist for a wing with concentrated mass. For certain locations of
the mass, one root will show lowest flutter speed, while for other loca-~
tions another root will have the lowest flutter speed. B8ince the analog
camputer is essentlally en electrical model, it is usually lmpossible to
find one of these flutter speeds if ancther root has a flutter speed far
below the first. It is possible, therefore, to find with certainty only
those portions of a gilven flutter-root surface which lie beneath all
other flutter-root surfaces. For one configuration studied, four such
distinct surfaces were positively identified and it was not possible to
esteblish that surfaces appesring at widely separated regions were or
were not related. In most cases the roots were differentiated by obtaining
essentially marginal stebllity for two distinct roots along the line
where the two surfaces intersect. It can be reedily appreclated that many
points are required to establish the flutter-speed contours, particularly
where several intersecting surfaces are involved. It wes, in fact, impos-
gible in the time avallsble to obtain sufficient data to esteblish all
Interesting features sbout these contours. However, 1t is bellieved that
all important features are shown correctly in the figures presented here.

The curves which show flutter speed as a function of chordwlse
position at a fixed span frequently show intersections between different
flutter roots. In i1dentifying these roots, it is useful to know the
flutter frequency associated with each rooct. The simplest wey to present
these date 18 to show the value of frequency at a few selected points
along each curve. Where roots intersect and both frequencles were meas-
ured, both values are shown. In same cases where actual frequencies were
not measured, low, medium, or high frequency are shown.
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For convenience, the concentrated mess was always placed at the
center of a finite-difference cell except in three cases vhere additional
information was obtained by placing it halfway between cells. It is
convenient to ldentify these locetions by the cell mumber as has been
done in table XIV, which assigns a case mmber to each configuration.

It must be remembered, however, that the cell divisions are slightly dif-
ferent for bamber and fighter airplanes, snd therefore the spanwise sta~-
tion for a given cell mummber will be different. The location of these
stations in terms of unit span 1s given in table XIII. In the figures,
the spanwise position is correctly given as a fraction or per unit value
of the wing semispan.

The size of the concentrated mass and its pltching and rolling

© inertia also affect the flutter speed. Since past experience has shown
that rolling inertia has & small effect, a few cases were chosen for
further investigation of the megnitude of this effect. For a concentrated
mags located in the wing it 18 reasonable to assume a radius of gyration
which is a small fraction of the averasge half chord. For a mess suspended
below the wing, it is unlikely that the distance will exceed half of the
average half chord. Two values for radius of gyration were chosen, equal
to 0.1 and 0.5 times the average chord for the fighter planes. In all
cases considered there was no significant difference in flutter character-
istics when the rolling inertia was varied from zero to the meximm velue.
The variation was, in fact, so insignificant that none of the data is
presented in this report. In what follows it may be dssumed that the
rolling inertia of the concentrated mess has any value between the above
limits. 8ince the mass of the concentrated mass and its pitching inertia
have a greater effect, 1t is necessary to consider variations in these
quantities in several typical cases. The basic values for mess and
pitching inertia (or redius of gyration k) have been discussed in the
section entitled "Characteristics of Four Representative Aircraft" and
are given in teble XIII. The variations of these vaslues are summarigzed
in teble XIV.

The most loglcel wey to give the results 1s to present first the
flutter characteristics for the besic mass on each particular alrplane.
Five aslrplenes were chosen:

lgFigh'berA, A =Q°
2) Fighter A, A =45°
3) Bomber A, A = 0°
4Y Bomber B, A = Q°
5) Bamber B, A = 30°

Since it was difficult to choose a typlcal radius of gyration for a mass
on a fighter plane, three values were used. These values are 6, 15,

and 30 inches, as shown in teble XIV. Figures 18(a) and 18(b) show the
effect of chordwise location of the mass at five spanwise positions for
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fighter A with A = 0°. Results for all three radii of gyration in pitch
are plotted on the seme sheet using different symbols for each value.
Circles are used for the smallest velue, k = 6 inches; triangles are
used for k = 30 inches; a solid line with no symbols is used for the
intermediate value. Abscissas for all curves are chordwise distance
from the elastic axis measured as per unit value of the wing semispan.
Similar dete for fighter A, A = 45°, are shown in figures 18(c) and
18(d); six spanwise stations were used in this case. One surprising
feature can be noted in all of these flgures: The characteristics are
relatively independent of the pitching inertia, even though this inertila
is varied from a very large value (k = 30 inches) to nearly zero

(k = 6 inches). This does not mean that at any particular point the
flutter speeds ere identical, but the overall shepes of the curves show
remexrkeble similerity.

Although these figures (figs. 18(a) to 18(k)) glve a good picture
of the flutter characteristics, it 1s easler to interpret the results if
all data are combined to construct flutter contours as discussed earlier.
Such contours for the minimm and meximm values of k are shown in
figures 19(a) to 19(h). These figures support the following conclusions:

(1) A chordwise position aft of the elastic exis is almost always
undesirsble.

(2) The 30~ to 50-percent-spen position and the tip location are
generally undesireble.

(3) A position forward of the elastic axis and near the 70~ to
80-percent-span position will, in general, greatly increase the flutter
speed..

Since time did not permit a complete study of the characteristics
for fighter B, data were obtained only for the cases of 0° and 45° sweep-
back with mass at the tip. Camparison of the results shown in fig-
ure 18(e) with the corresponding data for fighter A in figures 18?8.),
18(b), 18(c), and 18(d) shows that for this location there does not seem
to be any significant difference in cheracteristics. Whether it is safe
to extrapolate this result to other mess locations cannot be said at
this time.

Since the study of fighter A showed that the pitch radius of gyration
hed a emall effect, and since the pltch radius of gyration of a bamber
engine is relatively well defined, it was decided to use only one value
in the study of bomber airplanes. However, the practice of using one
engine or two engines on a single pylon, as well as the different sizes
of engines, gives a possible variation in mess which might well exceed
a factor of two. All bomber date were therefore obtained with both basic
mass and half basic mass. For ease of comparison of the two sets of
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data, they are plotted side by side in the fi . Data for bomber A,
A = 09, are contained in figures 18(f) end 18(g). Results for bomber B,
A = 0°, are given in figures 18(h) and 18(1), and the case of bomber B,
A = 30°, ig summarized in figures 18(3) and 18(k). Again it is possible
to simplify interpretation of these figures by cambining the results

into flutter-speed contours. However, it can be seen that data for basic
mass and half basic mags are very similar, and so such contours have been
prepared only for the cases with basic mesg. The flutter-speed contours
are shown in figures 19(1) to 19(n). A study of these figures shows some
deviations fram the results for fighter airplanes. The following con-
clusions can be drawn:

(1) A position aft of the elastic axis 1s almost alweys undesirable.

(2) The tip region is generally undesirable as a location for the
mass.

(3) With few exceptions, any position forward of the elastic axis
and between the root and the 90-percent-span position will give flutter
speed equal to or greater than the bare-wing flutter speed.

(ll-) However, there are, in most cases, no practical locations which
glve any significant improvement In flutter characteristics. Two cases
will be noted in which the speed might be increased 40 percent. The
others are restricted to a 10~ or 20-percent improvement.

S8ince fighter plenes showed remarksble veriation in flutter charac-
teristics with mess position, 1t was believed necessary to examine the
effect of changes in the size (mess) of the concentrated mass. This was
first studied at two spanwise positions for fighter A, A = 0°. The
positions ere the tip end station 5 (0.79 spen). Flutter characteristics
as functions of chordwise position were measured for several values of
mass. The three values of radius of gyration given in table XIII were
used for all mess values, except that for very small values of mass only
the 6-inch value was used. However, because of the similarity of results,
date are presented only for the meximm value (k = 30 inches) and minimm
value (k = 6 inches). Case mmbers are listed in teble XIV.

The results for tip location shown in figure 20(a) show a very
interesting progression in characteristics as the mass 18 reduced to
zero. Most striking is the fact that no significant change takes place
when the mass is varied from twice basic value to half basic value. Even
with mass reduced to 8 percent of basic value, the three flutter roots
for antisymmetric motion and the two flutter roots for symmetric motion
can 8till be ldentified, though their cheracteristics are by this time
somewhat altered. Similar data for the mass at 0.79 span are presented
in figure 20(b). Figure 20(a) concluded illustrates graphically the
danger in extrapolating results. For a mass at the 0.10 chordwise
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position and symmetric motion, a mass equal to 0.008 basic mass increases
flutter speed to 1.07. Doubling the mess incresses it to 1.16. Again
doubling it will increase the speed to some unknown value greater than
1.40. However, if the mess is again increesed by a factor of sbout 2.8,
the flutter speed (of enother root) will have dropped to 1.00 again.

Flutter characteristics were also measured for basic and helf basic
mess at the wing tip with sweepback angle of 45°, Thip case was chosen
because the antisymmetric characteristic for a 30-inch radius of gyration
(fig. 18(d)) showed a very umusual characteristic. Figure 21(a) shows
that reduction of the mass by a factor of two eliminates the anomalous
behavior, but in all other respects glves results which are essentially
the seme as the basic mess. Figure 21(b) gives similar data for the
mass at the ©.79 span position with A = 45°. Again the results for
basic mass and half basic mass are not significantly different. It is
perhaps unwise to attempt any general statement, but there is every indi-
cation thet the essential features shown in the flutter-speed contours
of figure 19 would not be profoundly altered if either mass or pitching
inertia were increesed or decreased by a factor as large as 2.0.

Accuracy and Probeble Errors

A brief statement ebout the expected accuracy of these results has
been purposely deferred until the end of this report. It 18 believed
that this discusslion will be more meaningful after the reader has observed
the nature and scope of the data obtained. The analog camputer is not
composed of perfect electrical elements. For exsmple, the inductors used
in this study have loss characteristics corresponding to e demping factor
of ebout g = 0.01. Transformers also have significant losses. The
electrical analog of the alrplanes studied in this report had an electri-
cal demping corresponding to a structural damping between g = 0.02 and
g = 0.05. This 1s not greatly different from the damping to be found in
conventional aircraft construction, so no corrections were made for this

internal damping.

No general statement cen be made sbout the effect of random computer
errors. Some give rise ly to an error in the demping factor of
the roots, in which the (g - v) curve is shifted vertically. Other errors
glive rise basically to an error in velocity, in which the curve is prima-
rily shifted horizontally. 8ince the slope of the curve of g against v
is by no means constant, it becomes Impossible to give a specific figure
for accuracy of flutter speed. In unusual ceses, vhere roots are of the
type shown in figure 12, flutter may be predicted when in fact it will
not occur for this root at all. This distinction, which must be made
methematicelly, is of no importance in practical ceses. An alrplane vhich
shows a flutter demping of g = 0.01 and is therefore theoretically steble
is not to be regarded as any more satlsfactory or useful than one which
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shows a deamping g = =0.01 and would therefore theoretically fly apart.
Manmifacturing tolerances and the safety factors required in alreraft
will not permit use of an alrcraft unless it is moderately steble for

e significent variation in all structural parameters. It is believed
that, exclusive of errors introduced by the finite-difference structure
and epproximations in the aerodynemic theory, the results obtalned in
this study have a probsble error in demping factor of about g = #0.02

or a probeble error in flutter speed of ebout 2 percent, whichever is
appliceble in the light of the above discussion. However, trends obtained
by variation of structural parsmeters are comsideraebly more accurate then
this would imply, since any error would persist with roughly the same
velue in all cases involving such parameter varlations.

For cases 1 to 181, it is possible to construct curves of g
ageinst v although they have not been made a part of this report.
These curves serve to show the steepness with which the roots pass
through flutter and give same Indication of the accuracy of the flutter
speed. This situation does not exist for cases 181 to 289. For
coacentrated-mass variatians, computations were carried out in such a
way that only flutter speeds and frequency were obtained. Consequently,
it 18 not possible to delineate areas which ere "safe" from the standpoint
of flutter. It 1s known, for example, that where a long pendant lobe is
observed, as for case 235 in figure 18(d), the system is barely unsteble
everywhere within this lobe. There are similar regions elsewhere, for
exsmple case 212, which is entisymmetric (fig. 20(b)), where the system
is barely unsteble within an elliptical-shaped boundary. Simlilarly,
case 214 1s barely steble in this region and yet no flutter root is even
shown since the gystem.does not become actually unstable at any polnt.

These remarks are not mede to show the flutter curves to be value-
less, but to caution the reader agalnst meking inferences not contalned
in the report and not legitimately supported by the data presented here.

SUMMARY OF RESULIS

Certain trends in flutter characteristics for typical modern air-
craft seem to be indicated by this study of the incampressible flutter
characteristics of aircraft wings. In same cases a few deviations are
found. I%.1s probeble that 1f more extreme eircraft designs were con-
sidered, even more would be observed. Nevertheless, this summery mey
serve as & useful guide.

(1) In the following teble are listed the average changes in flutter
speed for a l-percent change in each parameter, the change being made
from the basic value except for center-of-mass and elestic-aexis location,
in which cases several locations are assumed.
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a Average change in
inp ter flutter speed, percent
Increase wing mass 1 percent 0
Increese wing pitching inertia 1 percent -1
Increase bending rigidity 1 percent o
Increese torsional rigidity 1 percent 5
Increase wing chord 1 percent -
Center of mass forwerd 1 percent of chord fram -
hO-percent location 3.
S50-percent location 1.

60-percent location .
Elastlic axis forward 1l percent of chord fram -

40-percent location

S0-percent location

oNp 010 =

P

(2) Iocalized chenge in torsionasl rigldity is most effective in
changing flutter speed of a bare-wing alrplane 1f the change 1s made
between midspan and root. For bambers with lerge concentrated mass on
the wing, torsional rigidity either inboard or outboexrd of the mass will
usuelly govern flutter speed, depending on the type of flutter existing.
The effect of sweepback was not observed to have a systematic effect.
Pitching flexibility of the concentrated-mass support hes a definite
influence on flutter speed. In many cases a tuning effect was observed,
with a 10- to 4O-percent decrease in flutter speed. This effect was not
alweys cobserved; in some cases, the flutter speed was significantly
Increased.

(3) Perhaps the most inmteresting results will be found in the effects
of a concentrated-mess location. For e wide renge of mass and radius-
of-gyration values the results were very systematic. For fighter-type
plenes 1t was found that:

(a) APt chordwise positions are usually undesirable.

(b) The 30~ to 50-percent-span and tip locations are generally
undesireble.

(c) A forward locetion near the T0- to 80-percent-span position
will, In general, greatly increase flutter speed.

For bomber~type plenes these results are samewhat modified:
(a) APt chordwise positions are usually undesirable.
(b) The tip location 1s generally undesirsble.
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(c) With few exceptions, eny location forward of the elastic exis
end between root and 0.90-span position is satisfectory, although flutter
speed 1s rarely greater then bare-wing flutter speed by any significant
emount.

There 1s perheps no need to remerk thaet these results can be altered
by introduction of a flexibility in the concentrated-mass support.

California Imstitute of Technology,
Pasadena, Calif., June 6, 1955.
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TABIE I.- PHYSICAL CHARACTERISTICS OF A PINNED-PINNED AIRFOIL

Length, IN. & ¢ ¢ & ¢ o = o o s o o s o s o o o s a o s o s s o 288
Half chord, By Me « « o o « o o o o o ¢ o o o o o o » R
Mass per unit length, m, 1b-8ec2/Bq 1N. .« ¢ « ¢ ¢ v v o = « . 0.01035
Inertia per unit length, I, 1b=8€C2 . « &« v v & « « o o o o « » & 5.176
Bending riglddty, EL, Ib-in.2 . . . . . . . v v v v v .. . 1.412(109)
Torsionsl rigldity, GF, Tb=1n.2 . . . . v v v v v v v u .. 6.87(108)
xl, In. & ¢ ¢ ¢ c e 4 e 6 s o 6 % e s o s a 8 0 e a e s 8 s a a 9-6
x5, In. & ¢ o e e ¢ e s o s s 5 5 s s s e 8 s a s s e s e s s e —9.6
Ar density, p, -sec?1nt . .. oL L.l L., 0.0845(1076)

TABLE II.- COMPUTED FIUTTER SPEED AND FREQUERCY OF FINITE-DIFFERENCE
PINNED~PINNED ATRFOIL

Number of cells :;; Lvo vy, :g; Afe/f, ‘
® 692 0 12.7 0
8 688 .006 12.6 .008
h 67T .022 12.3 .032
2 6 .069 11.0 134
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TABLE ITTY.~ PHYSICAL CHARACTERISTICS OF UNIFORM CANTILEVER WING

Half chord, D, M. ¢ « o o o « o o o o o o o o o ¢ o o s o o o o . 4
Bpan, I, M. . 4 4 4 o s e 4 4 e s e s e e s s e s e e e e s s 48
Mass per unit length, m, lb-sec?/sq in. . . ¢« v « « « & & 1.8"{"{(10"")
Pitching inertia per unit length, 1b-sec2 . . . « « « . . . 8.00(10°%)
Flexural rigidity, BT, (1b)(8q in.) . « v v v v v v v o o & 1.507(109)
Torsional rigidity, GJ, (b)(sq in.) . . . . . . . . . . . 0.692
Elastlc-axis position, X5, In. . . . . .« ¢ ¢ o ¢ o 0 s . . .
Center of mess positiom, X3, In. . . . & v ¢ o o 0 o v o v o 0.156
Mess of concentrated mess, m,, 1b-sec2/in. . . « « . . o . 8.23(1073)
Pitch inertia of concentrated mass, lb-sec®/in. . .. . . .. 0.1636
Center of mass of concentrated mass, (x3)c, In. ....... -3.27Th

Air density, p, Ib-sec?/mm.* . . . ... ... ... ... 1.155(10°7)
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TABLE IV.~ THEORETICAL AND EXPERIMENTAL FIUTTER CHARACTERISTICS OF
CANTILEVER WING WITH CONCENTRATED MASS

[Data teken from references 9 and 11|

Mass Calculated Experimental
location, Ve, Ve,
pex :;it Ve, per untt | Fes V£s | per unit e,
P mph (a) cps | mph (a) cps
o 227 | 0.400 25.27 228 0.401 22.1
167 — 221 .388 19.1
.229 226 397 19.23 221 .388 17.h
.292 — 233 410 16.3
333 ——— 256 51 15.5
354 277 488 28.04 260 158 b16.3-26.8
.625 €359 631 30.68 — ——— gag
.938 273 481 25.67 261 459 a
959 - 251 L2 2. 87 251 A2 21.8
.979 —— 231 BTy 21..6
1.000 205 .360 23.60 218 .38 21.%

81.0 per unit velocity is 10* in./sec or 568 mph.

bmhig experimental record seems to show nearly simultaneous diver-
gence and flutter at two frequenciles.

CCalculated divergence speed is sbout 279 mph. However, a flutter
speed can still be calculated mathematically.

ﬁ-D:I.vergu;-.nce wes observed experimentally.
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TABLE V.~ FIUPTER CEARACTERIBYICS OF FINITE-DIFFERENCE ANALOG
OF UNIFCRM CANTIIEVER WING

m Q.a Q-:.. 72’62*.—#70-‘ 8568”0592577-‘059 7.!.18-7” 4723268291 .J-l.l/lsgs
& 8_ _m ENENRRASES REYTERRRNNE SR NES PRASE TIENENENRER | BN R4 0
wm ARRRISRRNGARGRIR | RRAIDARRIDARAGRNRN| |IRARIIRNNTLITEARSINSIRRR
m m

w S8 RERRERRRRRE | (NANSIBEES{4RRERSS mmmmm%wmmmamm%mwﬁmmmmm
2

fz| | RARGGRAGAYGEREE| | 40URERRALRGEEE38| | SUNRNYNRGEARRGISEENSReS
§

Siiass position is per unit span mesasured from root.

1.0 per unit velocity = 368 mph.
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TABLE VI.- PHYSICAL CHARACTERISTICS OF SWEPTBACK WING WITH

CORCENTRATED MASS

ﬁ)ata. taken from reference 3. Mass of wing is for portion outboard of
root restraint. More detalled informetion will be found in refer-
ence 3. Data for concentrated masses are not given explicitly in

reference 3 and must be regarded as only spproximate.]
Wing characteristics:

%m’ m- L] L] L] L] L] - ® @& ® e @ o 9 o 9 ® @ & e e e o L ] u8.3
PRoot half chord, bp, ine « « « « . . . e e e e ee e 5.2
bpp half chord, by, in. . « . . . . e e e e e e e e 2.36
Wing totel mass, mg, lb-secZ/in. . . . . . . e e e e . . 0.0078%
Tunnel £luid density, p, lb-sec/in.*t . . . . . .. . .. 3.40(10°T)
Bweepback angle, A, deg . . « . « ¢ ¢ ¢ o o & 3.5
Concentrated-mass characteristics: Inboard Outboard
Mass, ma, lb-gec®/in. . . . . . e e . . . 0.00806 0.00452
Pitch inertia ebout elastic axis, lb-secZ2/in. . . 0.0712 0.0192
Per unit spenwise position (fram root) . . . . . . 0.30 0.78
Center of mass position, (x3)c, in. ... .. .. ~1.Th 0.50

ia; Measured along elastic axis.
b) Measured perpendicular to elastic axis.




TABLE V1I.- EXPERIMENTAL AND COMPUTED FIUTTER CHARACTERISTICS

OF SWEPTBACK WING WITH CONCRNTRATED MASS

Type of frequency

Formal mode frequencies, cps, at ~

Mode 1 Mode 2 Mode 3
Bxperimentel model frequency 6.97 30.9 37.9
Meesured enalog frequency 6.91 32.6 39.1

Type of result

Flutter characteristics

mph e cps
Wind~tunmnel resulta, Vo 195 0 20.1
Analog results, normal-camponsnt method 170 -.12 2.2
Analog results, airstream method® 157 -.19 2.0
Analog results, alrstream method® 173 -.11 2h.0

8111t coefficient Cr, = 2x.
PLiry coefficient Cp, = 2« cos A.

0glS KL VOVE
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TABLE VIII.- CHARACTERIBTICS OF BASIC FIGHTER A
(a) Physical Cheracteristics
Sweepback angle, A, deg . . . . . .

............ * - L] - o
Bemispen of wing,® 2, In. . . . ¢ ¢ s o e s o o . e e e s 0 s . 258
Cell size for finite-difference structure, Ay, in. c s s e s e 34
Root chord,P bp, In. . .. .. G e e e e e e e e e e e o . o 106
T™Mp chord,P by, dn. . . . .. ...l e ... e e et e e ee. 55
Taper ratio « « ¢« « ¢ ¢ ¢ o & ® o o s s s 06 6 s e 0 e 6 s s e o e 2.00
Agpect ratlo . . ¢ ¢ e s et 4t e e e e e 8 e e e e e e o o o @
Wing elastic axis, percent chord . . . . . . . . . G« s s e e o s e ) 1o}
Wing center of mass, percent chord . . « « » « « + o & e e o s o e o0
Total wing mass external of fuselage, my,, lb-sec?/in. . . . . . 10.7
Fuselage mass, mp, lb=sec?/in. . . . . ... ... .. e e e e 21
Fuselage radius of gyration, pitch,® in. .. .. ... e e e« . 100
Fuselage radius of gyration, roll, In. . . « « ¢ ¢ ¢ ¢ ¢ & ¢ & « & 25

Fuselage center of mass aft of elastlic axis, in. . .

Tall center of pressure aft of elastic axis, in. e s s e e e« s « 25
Tall area, 8q In. . ¢« ¢ ¢ « ¢ ¢« ¢ ¢ o o o o o « e o o o e « « o 3,000
Air density, p, Ib-sec2/tn.} . . . . . ... ... ... . 1.146(10-T)

(b) Inertle and stiffness values lumped for finite-difference structure

Station . . . . . ... .. 1 2

3 6
Per unit spen,® . . . . . . 0.2140.357 |0.500 [0.643 J0.786{0.928
Half chord,P b, in. . . .| 47.3]| 43.5] 39.8] 36.0| 32.2] 28.4

1b-sec2/in. . .. ... 1.73| 1.34] 0.98] 0.66} 0.ko0] O.
Lumped. pitch inertia . . . 695 05

568
lelof(dy/EI) «e.. |19.8 |61.3] 122
dlolﬂf(ay/e.y) c ... |56.3 | W5]| 219

SMeasured along elastic axis.
bMessured perpendicular to elastic axis.
CAbout elastic axis.

dSt:l.ﬂhess values are lumped between mass stations.
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TABLE IX.- CHARACTERISTICS8 OF BASIC FIGHTER B
(a) Physical characteristics

Sweepbeck angle, A, de€ « « « ¢ ¢ o o o o a o o o s o o o o o o o o 30
Semispan of wing,® 2, In. . . & ¢ ¢ ¢ ¢t t ¢ s e e o b e o e o s e 238
Cell size for finite-difference structure, Ay, in. . . . . . . . . 3L
Root chord@,P by, Im. .« & & v v v v v vt e et e e e e e e e 106
TMp chord,P By, IM.  « & ¢ & & ¢t s e e s e e e e e s e e e 53
Taper TBEI0 o« v« « ¢ ¢ o« 2 o o o s o o a o s o a o« s s s s « o o o 2.00
Wing elastic axis, percent chord . . « « ¢ ¢ « o 2 o o o « o « « &« ko
Wing center of mass, percent chord . . « « « ¢ ¢ « ¢ o « = o o « & 4o
Total wing mass external of fuselage, myp, lb-sec2/in. . . . - . 14.06
Fuseloge mess, Mp, 1b-8eC2/IN. < & « + = ¢ o = o o o s o o o o o » 21
Fuselage redius of gyration, pitch,® in. .. . ... ... ... 100
Fuselage radius of gyration, roll, In. . . . . ¢« . ¢« ¢ ¢ ¢ ¢ o o & 25
Fuselage center of mass aft of elastic exigs, in. . ... . . .. 0o
Tell center of pressure aft of elestic exis, in. . . . . . . . . 230
Tall area, 8g In. . « ¢ ¢ ¢ ¢ o c ¢ ¢ o ¢ o o o ¢ o o s o a o & ’
Air density, p, Ib-sec?/in.t . . . ... ... ... ... 1.6 (10-T

(b) Tnertie end stiffness values lumped for finite-difference structure

Station . « « ¢« ¢ o o o o @ 1 2 3 )1 5 6

Per unit span,® . . . . . . 0.21.1“0.357%.500 0.64310.786 |0.928
Helf chord,® b, in. . . . | ¥7.3]| 43.5| 39.8| 36.0| 32:2] 28.4

lb-sec?/in. . . . . . . 1652 1.43] 1.32] 1.16] 0.94 ] 0.66
Iamped pitch inertia . .. 28] 577] 503| 41| 310| 20%
d;010 f (Gy/ETI) . . - . . 33.0| 100 | 156 | 221 |3ex | uh7 | ---
d3010 j (ayfea) . . ... Ti.| 193 | 283 |'551L | k0O | 436 | 22k

SMeasured along elastic axis.
DMeasured perpendicular to elastic axls.

CAbout elastic axis.
1ffness values are lumped between mass stations.



NACA T 3780 17

TABLE X.- CHARACTERISTICS OF BASIC BOMBER A

(a) Physical characteristics

Bweepback angle, Ay deg « « « ¢ ¢ o« o ¢ ¢ o a « o o o o s s o o . O
Semispan of Wing,2 I, In. . ¢+ ¢ ¢ ¢ ¢ ¢ ¢ s s s e s e e o e . . 845
Cell size for finite-difference structure, Ay, in. e ¢ o & e . . 130
Root chord,P Doy M. & v ¢ o o ot 0 b o b e e e e e e e 200
Tp chord,P By, M. & @ v v o o 0 e e b o e e e e e e e e e 80
Taper r&EL0 ¢ ¢« ¢« o ¢ ¢ ¢ ¢ o ¢ ¢ ¢ o o o ¢ o s s o s 6 2 o ¢ s o 2.50
Aspect ¥a&tI0 . . . ¢ ¢ .t e 4 s e e o e e s s s e o e e o o s o @ . 12
Wing elastic axis, percent chord . . . « ¢« « « « . & e e o o s o s 4o
Wing center of mass, percent chord. . « « ¢ ¢ « ¢ « o « o o o o o T}
Total wing mass external of fuselage, Iy, lb-sec2/in. . . . . . 39.7
Fuselage mass, Mp, 1b-8eC2/IN. . « o o v o o o o o o o o o o o o« 120
Fuselege radius of gyration - pitch,®in. .. ... .. .. ... 210
Fuselage radius of gyration - roll, In. . . . . . . . e e o o o & 50
Fuselage center of mess aft of elastic axls, in. e e o s o e o o
Tall center of pressure aft of elastic axis, in. . ... .. .. TO0
Tell area, sq in. . . . . . . e o o s o e o o a e s s s . s . 20,000
Air density, p, Ib-sec®/inlt . . . . ... ... ..., . 1.146(107T)

(b) Inertia end stiffness velues lumped for finite-difference structure

Stetion . « « « o « « o . Jd 1 2 3 4 5 6

Per unit span,® . . . . . . 0.15%| 0.308]0.46110.615}0.769 }0.923
Half chord,P b, in. .. .| 90.8] 81.5] 72.3| 63.1] 55.9| k.6

Ib-gec2/in. .+ . . o . . 6.28] 5.46] k.16] 2.47] 0.98] 0.50
Lumped pitch inertia . . .|{13,300}10,600|7,150|3,640]1,1: 360

d1ol°‘/-(dar/1i'1) ee..| 33| 84|13 | 30.5] 100 ] 650 | -~

&
8

83010 f (ay/63) ... | 10.0]| 25.1|30.9 | k75| w3

8Mensured along elastic axis.

Dpeasured perpendicular to elastic axis.

CAbout elastic exis.

dgtiffness values are lumped between mass stations.
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TABLE XI.- CHARACTERISTICS OF BASIC BOMBER B
(a) Physical characteristics

Sweepback angle, A, deg . - -« « ¢ ¢ ¢ ¢ ¢ « o ¢ o o« o s o = & .o 30
Semispan of wing,® 1, fn. . .. ... .. .. G« s e s aee e 85
Cell size for finite-difference structure, &y, In. ... . . . 150
Root chord,® Dry INe = « ¢ o = o o o « o o o o o s o o o o o o = 170
Tp chord,® b, in. . . . .. s e e e e e s et e e e e 70
Taper TALIO « ¢ o « o o o o o o o o s o ¢ o o o o o s o o o o o o 2.43
Wing elastic axis, percent chord . . « o « « « ¢ o o o « o ¢ o 40
Wing center of mess, percent chord. . . « « « « « » & e e o o o o ho
Total wing mass external of fuselage, myp, lb-sec?/in. . . . . . 48.7
Fuselage mass, me, 1b-8ec®/In. .+ o « & v o o v s b e e 0 .. 120
Fuselage radius of gyration, pitch,® in. . . . ¢ ¢ ¢ ¢ ¢ « o & 240
Fuselage radius of gyration, roll, Iin. . . . . ¢ ¢ ¢« o & ¢ &« =« 50
Fuselage center of mess aft of elestic axig, In. . .. . . . . 150
Tall center of pressure aft of elastic axis, In. .. . . . . . TOO
Tall area, 8 IN. . ¢ ¢ ¢ ¢ ¢ ¢ o o o o ¢ o o o o o o o o & » 20,000
Adr demsity, p, Ib-sec®/tn.% . . ... .. ... ..... 1.146(10-T)

(b) Inertia and stiffness values lumped for finite difference structure

Station « « « « ¢ « ¢ o o . 1 2 3 4 5 6

Per unit span,® . . . . . . 0.154 {0.308|0.461]0.615 o.769ﬁo.923
Half chord,P b, in. . . . | T7.3]| 69.6] 61.9] 54.2]| 46.5] 38.8

lb-gec2/in. . . . . .. 6.28] 5.23] 4.26] 3.35| 2.7h| 2.47
Lumped pitch inertia . . . |3,940[3,080|2,200{1,560| 910| 390
4010 j (ayfEI) . . . . . 7.12/18.8 |31.0 | 54.9] 91.6|w1.0] -
dlolof(dy/GJ) ..... 6.31|15.5 |22.6 | 42.2| 77.8|110.0] 60

8Measured along elastic axis.
bMeaﬂured. perpendicular to elastic axis.

CAbout elestic exis.
88 values are lumped between mass stations.



G

NACA TK 3780

EARE XIT.- AP OF OMR ERERE

&

ﬁ_:_. B &S 59 2B KK | 11BBED (111 §] BIKB I

o

&

m..mmum.mmumn | (1%a®% 110) 11 %i48 84
..._..muzm 22 22 1 1INZEZ |15R 88 B|NB ||
.m..mum N8 89 AR | 1I5SER 1101 11 2i%4 ||
o,

x_m..mﬂ L RRIE  CRIIBIEL R
u_w.:m 8 88 55 | |IBHAR 11%3 H3 314 44

s

m h!lbﬂh_ﬂ SR A B IR LIk 11 11E0 11

hh”.‘ﬂ.‘.—wﬂ..ﬂﬂﬂhu 1 Liglss 1111 11 RIEBR 1]
4 .
iF|R %8 8 88 T3 & ||REER ||%e || R|ER gR
w 228 92 52 TR 1 ARIRAR RISK I 8222 11
m.ﬂ
u R ER YN AR R & |IBRERR IRRR R 083X (1
w P 0 10 LD 3011 1asids 1Ly 1 o1nn g
S
..a o Sn N e Ok g (179089 (194 9 098 I
§ . . m
m IH -.L.MW.MW. piASORE RRER ﬂm. ooy dw

Variskls Dechos

rhm

o=t
Bilking rigidily Castow
Tursiceal righilly fasier

Iosal sulffesss wewixhion

"esier of weee, pareent

|

m
£

[
Suasghask mygls,

Wewter of xase =i slastis mels muswarel in pevesss shawd from lasiisg eige.

"} comsenirwiol mws su ving; 3, Ve Wing-




50 NACA TN 3780

TABLE XIII.- CONCENTRATED-MASS CHARACTERISTICS AND IOCATIORS
(a) Characteristics

Fighter Bamber

Besic mass, Ib-gec2/in. . . . . . . 2.68 15.0
Pitch redius of gyration,® in. . . . 30 35
15 17.5

6 T

RO].J. raﬂiiJB Of matim, in- e o o 15 bl i
o D g S o

Basic spanwise position,? in. . . . ——— 390
Basic chordwise position,® in. . . . -—-- 60

8About elestic axis; airstresm coordinates.
Poutboard from center line measured along elastic axis.
CForward of elastlic axis, perallel to alrstreem.

(b) Location

Iocations of concentrated mess, per unit span,® at station -

Airplene
1 2 3 s 4.5 5 5.5 6 Tp

Fighter [0.214 | 0.358 |0.500 |0.643 | ==~~~ [0.786 | ===~~~ [0.929| 1.00
Boniber JA54 | .308 | 6L | .615 |0.692 | .769 |0.846 | .923] 1.00

aD:'l.s'l'.am:es are measured in per unit span along elastic axis.
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TABIE XV.- FLUTIER SPEED AND FREQUENCY
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TABLE XV.~ FIUTPER SPEED AND FREQUENCY - Contimed
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TABLE XV.- FIDTTER SPEED AND FREQUENCY - Concluded

te

] o OV NINO ND aF IO D M~ N\D\D I=1\O o o IO\l 91.!.1866“0 onat-aHdonon

o noonr~
sdodgrerrriddddidigddricddodddasddddginigoddoaosridg jagaggq

‘Tt »

per unit

ool O 22222222221222222221111112222222222 [aXaXal

8 ARENBTRSINES L RYL L2 YL RNILY RYRSS RARS
o

YIS REBSIRY KRRL RSN
-

1.9

'f Ty

] n%wmammﬁwwmaamwmmmmmmwm 452654 mmmmwmmm CEEEE]

-lm'n.

e

Ldb

NEr=rIN=0VH - INO N\ =1\ N A\ 58.#50 Ad AL NN AO

< =0 NN

&&TBUmmMM&MMNBT#ETT&GTG778677m6659mm9m8998bm667566666

n

Tr 9

per unit

R R R R s I i P g

08 R IR/ AR mM NEES Y RNBINALEERER n%m&mmuumﬂﬁ%.ﬂmwwmﬁmﬁmg
G o e o p R iy ) ; T

o .
N-NAAA

E

1.

'f:,

Bosber B

25 9 A9 Y AR AR A RANRARAZ 10402 R 2RANRANRRRARAYGI LTSS




NACA TN 3780

25

Imaginary
. f=3|__ -

o
' -
| /At nis S N
a;r Real \ / /7\:- \
| NS TN/ N
| VA =il
- LAt= J’J

Figure l.- Transient response corresponding to roots of characteristic
equation.
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Figure 3.- Plan forms and cell divisions of basic airplane
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HF, high frequency.
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(b) Fighter A; A = 0°; symmetric; radius of gyration, 30 inches;
1.0ve = 989 miles per hour.

Figure 19.- Contours of constant flutter speed with concentrated mass.
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(c) Pighter A; A = 0°; antisymmetric; radius of gyration, 6 inches;
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(d) Fighter A; A = 0°; entisymmetric; radius of gyration, 30 inches;
1.0ve = 1,091 miles per hour.

Flgure 19.- Continued.
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Figure 19.- Continued.
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Figure 19.- Continued.



NACA TN 3780 115

FOI’WCllI’d K 7
q

NN
AN ¥

' ' 4
Aft \\I\)l \ A '4/ T.%%
8 x<S '
KA
NSRS,
I.A - kl?\-‘
| P SN 2.0
| \/ /><C" \lé_
HIEN.Y SN S\
_ 10 ié \\I .? :

(h) Fighter A; A = 145°; antisymmetric; radius. of gyration, 30 inches;
1.0vy = 861 miles per hour.

Figure 19.- Continued.
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(J) Bouber A; antisymmetric; 1.0ve = 886 miles per hour.

Figure 19.- Continued.
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(k) Bomber B; symmetric; 1.0Ove = 1,216 miles per hour.
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(1) Bomber B; entisymmetric; 1.0ve = 1,216 miles per hour.

Figure 19.- Contimued.
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(m) Bomber B; symmetric; 1.Ove = 1,165 miles per hour.
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(n) Bomber B; antisymmetric; 1.0vp = 1,244 miles per hour.

Figure 19.~ Concluded.
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(a) Concentrated mass at tip.

Figure 20.- Effect of size of concentrated mass on flutter character-
istics, Fighter A, A = O°.
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mass. Fighter A, A = U5°,

0gle KL VOVN



BG

NACA ™ 3780

Antisymmetric | Symmetric
11 QF ] ]
5]2 | B 22
144 \o
Vf/Vb
'Sl 0 M=1.0
O Case 227
A i G
o_ / ose2g¢ g
1
14736 f
20 3T
V. L ) 3l |
Vg 7V
t/Vo EH 31/
L5 ] 1 o Lot
. ~|=o.g39
oG
| 5 | 1 _cé‘égggzo ///
A se24|
o ] 13 M 101
-l 2 -1 o) A 2

C.hordwise position,

(b) Basic mass and 0.5 basic mass at 0.79-span position.

NACA - Lasgley Flald, Va.

Figure 2].0- mncluded. )




